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Silicene (a monolayer of silicon atoms) is a topological insulator, which undergoes a topological phase tran- 
sition to a band insulator under an external electric field. The spin polarization is unique and opposite at the 
K and K' points due to the spin-orbit coupling. Accordingly, silicene exhibits a strong circular dichroism with 
respect to optical absorption, obeying a certain spin-valley selection rule. It is remarkable that this selection 
rule is drastically different between these two types of insulators owing to a band inversion taking place at the 
phase transition point. Hence we can tell experimentally whether silicene is in the topological or band insulator 
phase by circular dichroism. Furthermore the selection rule enables us to excite electrons with definite spin 
and valley indices by optical absorption. Photo-induced current is spin polarized, where the spin direction is 
different between the topological and band insulators. It is useful for future spintronics applications. 



Introduction: Silicene consists of a honeycomb lattice of 
silicon atoms with buckled sublattices made of A sites and B 
sites. The states near the Fermi energy are tt orbitals residing 
near the K and K' points at opposite corners of the hexago- 
nal Brillouin zone. Silicene has recently been synthesized 1-3 
and attracted much attention 4-7 . The low-energy dynamics in 
the K and K' valleys is described by the Dirac theory as in 
graphene. However, Dirac electrons are massive due to a rel- 
atively large spin-orbit (SO) gap of 1.55meV in silicene. It is 
remarkable that the mass can be controlled 6 by applying the 
electric field E z perpendicular to the silicene sheet. 

A novel feature is that silicene is a topological insulator 5 , 
which is characterized by a full insulating gap in the bulk and 
helical gapless edges 8,9 . It undergoes a topological phase tran- 
sition from a topological insulator to a band insulator as \E Z \ 
increases and crosses the critical field E CY , as has been shown 
by examining numerically the emergence of the helical zero 
energy modes in silicene nanoribbons 6 and also by calculating 
the topological numbers^. It is an intriguing problem how to 
detect experimentally whether an insulator is topological or 
not just by the bulk property. 

The interaction of light with matter depends on the polariza- 
tion of the photons in general. When the response of a system 
to the left- and right-handed circularly polarized light is differ- 
ent, the phenomenon is referred to as circular dichroism. The 
circular dichroism has been shown to be essential to analyze 
the valley-dependent interplay of electrons in graphene 11 ^ as 
well as in monolayer dichalcogenides 12,17 . 

In this paper, we investigate optical absorptions in silicene. 
The crucial property is the spin polarization is unique and 
opposite at the K and K' points due to the SO coupling for 
E z ^ 0. Hence silicene exhibits a strong circular dichro- 
ism, where the optical absorption of circularly polarized light 
strongly depends on the spin and valley. Furthermore, the op- 
tical selection rules are entirely different between a topologi- 
cal insulator and a band insulator, as enables us to tell whether 
silicene is in the topological or band insulator phase. The dif- 
ference originates in a band inversion taking place at the phase 
transition point. It is remarkable that we can detect a topolog- 
ical phase transition by the change of circular dichroism as 
\E Z \ crosses the critical field E CY . It is also remarkable that, 
by irradiating right-handed circularly polarized light, for in- 
stance, we can selectively excite up spin at the K point. By ap- 





FIG. 1 : (Color online) Illustration of the buckled honycomb lattice 
of silicene. A honeycomb lattice is distorted due to a large ionic 
radius of a silicon atom and forms a buckled structure. The A and B 
sites form two sublattices separated by a perpendicular distance 21. 
The structure generates a staggered sublattice potential in the electric 
field E z . Silicene undergoes a phase transition from a topological 
insulator to a band insulator. It is possible to discreminate between 
these two types of insulators by circular dichroism. 



plying an in-plane electric field, photo-exicited spin-polarized 
charges can be extracted. We can determine whether the sys- 
tem is topological or band insulator by detecting the spin di- 
rection of the photo-induced current. 

Low-Energy Dirac Theory: We take a silicene sheet on 
the x?/-plane, and apply the electric field E z perpendicular 
to the plane. Due to the buckled structure the two sublattice 
planes are separated by a distance, which we denote by 2£ with 
£ = 0.23 A , as illustrated in FigQ] It generates a staggered 
sublattice potential oc 2£E Z between silicon atoms at A sites 
and B sites. 

We analyze the physics of electrons near the Fermi en- 
ergy, which is described by Dirac electrons near the K and 
K' points. We also call them the points with £ = ±. The 
effective Dirac Hamiltonian in the momentum space reads 7 
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where a a and r a are the Pauli matrices of the spin and the sub- 
lattice pseudospin, respectively. We explain each term. The 
first term arises from the nearest-neighbor hopping, where 
at = 5.5 x 10 5 m/s is the Fermi velocity with the 



transfer energy t = 1.6eV and the lattice constant a = 3. 86 A. 
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FIG. 3: (Color online) Illustration of photo-induced transition from 
the valence band to the conduction band at the K point. There are 
four ways of transitions, which we label as Ui. The arrows uj\ and 002 
indicate the optical transition of high intensity proportional to and 
the arrows 003 and CJ4 indicate the optical transition of low intensity 
proportional to A| 2 - We call the transition cji as the fundamental 
transition. 



FIG. 2: (Color online) Band structure of silicene in the K valley un- 
der electric field E z . The spins of electrons on the red (blue) band are 
almost up (down) polirized. They are exactly polorized if Ar2 = 0. 
Although the energy spectrum looks similar between the topological 
and band insulators, the pseudospin t z is opposite at the K point. In- 
deed, there is a band inversion at the K point: See Fig(5] The spin 
direction is opposite in the K' valley. The units of the vertical and 
holizontal axes are arbitrary. 



The second term represents the effective SO coupling 13,14 with 
Aso = 3.9meV. The third term represents the staggered sub- 
lattice potential 6 in electric field E z . The forth term repre- 
sents the second Rashba SO coupling with Ar2 = 0.7meV as- 
sociated with the next-nearest neighbor hopping term 14 . The 
fifth term represents the first Rashba SO coupling associated 
with the nearest neighbor hopping, which is induced by ex- 
ternal electric field 15,16 . It satisfies Ari(0) = and becomes 
of the order of 10/ieV at the electric field E c = \$o/£ = 
17meVA _1 . Its effect is negligible as far as we have checked. 
Although we include all terms in numerical calculations, in 
order to simplify the formulas and to make the physical pic- 
ture clear, we set Xr\(E z ) = in all analytic formulas. 

There are four bands in the energy spectrum (FigJ3). The 
band gap is located at the K and K' points. At these points the 
energy is given by 



E(s z ,t z ) = Xsos z tz -£E z t z 



(2) 



with the spin s z = ±1 and the sublattice pseudospin t z = ±1. 
They are good quantum numbers at the K and K' points. The 
spin s z is an almost good quantum number even away from 
the K and K' points because Ar2 is a small quantity. On the 
other hand, the pseudospin t z is strongly broken away from 
the K and K' points for E z ^ 0. 

The gap is given by 2| A s (E z ) | with 
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where s = ±1 is the spin-chirality. It is given by s = £s z 
when the spin s z is a good quantum number. As \E Z \ in- 
creases, the gap decreases linearly, and closes at the critical 
point \E Z \ = E cv with 



E cv = ±\so/Z = ±17meV/A, 



(4) 



and then increases linearly. Silicene is a semimetal due to 
gapless modes at \E Z \ = E CY , while it is an insulator for 
\E Z \ ± E CT . 

Optical properties: We explore optical interband transi- 
tions from the state \u Y (k)) in the valence band to the state 
\u c (k)) in the conduction band. There are four transitions, 
which we label as ui,U2, <^3 and CJ4, as depicted in Fig(3j We 
call uj\ as the fundamental transition. 

We consider a beam of circularly polarized light irradiated 
onto the silicene sheet. The corresponding electromagnetic 
potential is given by 



A(t) = (As'mut, Acosut). 



(5) 



The electromagnetic potential is introduced into the Hamil- 
tonian (Q]) by way of the minimal substitution, that is, re- 
placing the momentum hki with the covariant momentum 
Pi = Hki + eAi. The resultant Hamiltonian simply reads 



Ht{A) = H i + VlA x + TlA y , 
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since the Dirac Hamiltonian is linear in the momentum. It is 
notable that the formula does not contain the SO coupling Aso- 
We conclude from this formula that the kinetic term (oc v F ) 
induces an interband transition between electrons carrying the 
same spin while the Rashba term (oc A R 2) induces an inter- 
band transition between electrons carrying the opposite spins. 

The coupling strength with optical fields of the right(+) or 
left(— ) circular polarization is given by V± (k) = V^(k) ± 
iV!* (k). They are written in terms of the ladder operator of 
spins and pseudospins. 



V± = V F T±± —^—T Z S±, 

V± = -v F r T =F — ^— r z s±, 



(8) 
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3 



P + K P. K ' 



(0 2 



Topological Insulator as 



OJ 1 



(O3 



Topological Insulator 



tu 2 



(j0 4 



0.5 1.0 1.5 2.0 2.5 3.0 



Pi P. K ' 



0.5 1.0 1.5 2.0 25 3.0 



P- P+ Band Insulator 




0.5 1.0 1.5 2.0 2.5 3.0 



0.5 1.0 1.5 2.0 2.5 3.0 



FIG. 4: (Color online) The /c-resolved optical absorption 
\P± (k)\ /ttiqVy near the K and K' points. The horizontal axis is 
momentum k. We have chosen E z = £7 cr /2 for a topological insu- 
lator and E z = 2£7 cr for a band insulator. Notice the behavior of the 
interband transition which changes drastically in the topological 
and band insulators. For illustration we have taken a\m/h = O.lt^, 
though the actual value is about 10~ 3 v?. 



where s± = s x ± is y and r± = r x ± ir y . 

The matrix element between the initial state and the final 
state in the photoemission process is given by 



pi(k) 



: ra (u c (k)\ 



H dk± 



\Uy (k)) , 
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where mo is the free electron mass. Here, \P± (k) | is called 
the optical absorption. There exist the relations, 



p% (k) = p5 (k) , p5 (k) = p* (k) , 



(ii) 



reflecting the time-reversal symmetry. The right-handed cir- 
cular polarization at the K point and the left-handed circular 
polarization at the K' point are equal. 

The wave functions \u Y (k)) and \u c (k)) are obtained ex- 
plicitly by diagonalizing the Hamiltonian O. We have calcu- 
lated numerically the optical absorption |P|. (k) | as a function 
of k near the K and K' points, which we display in Fig 01 

Let us investigate the optical absorption at k = in detail, 
since we can obtain a clear physical picture at the K and K' 
points with the aid of analytical formulas. The Hamiltonian 
(0} is diagonal at the K and K' points with the eigenvalues 
given by ® and the eigenf unctions given by (1, 0, 0, 0)* and 
so on. For E z > 0, the order of the energy level is 

£7(-l, -1) > £7(1, 1) > £7(1, -1) > £7(-l, 1) (12) 

for the topological insulator, and 

£7(-l, -1) > £7(1, -1) > £7(1, 1) > £7(-l, 1) (13) 

for the band insulator. It is to be emphasized that the two 
bands near the Fermi level are inverted between the topolog- 
ical and band insulators, since the pseudospin t z is flipped as 
E z exceeds the critical point £7 cr . 
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FIG. 5: (Color online) Spin- valley optical selection rules at the K and 
K' points (k = 0). The band is indexed by E(s z ,t z ). The two bands 
£7(1, 1) and £7(1, —1) are inverted between the topological and band 
insulators, as leads to a different circular dichroism to them. 



The band inversion leads to a different circular dichroism. 
This is because the operator V± is not Hermitian: T± de- 
scribes an optical absorption process, while V± describes an 
optical emission process. Furthermore, an optical absorption 
occurs only when the energy of the initial state is lower than 
that of the final state. Thus the optical absorption obeys a 
strong spin- valley coupled selection rule (FigQ. In conclu- 
sion, the fundamental optical absorption uj\ (indicated by red 
arrow) is different whether the system is a topological insula- 
tor or a band insulator. For example, the right-circular polar- 
ized light at the K point is absorbed only when the system is a 
band insulator, while the left-circular polarized light at the K 
point is absorbed only when the system is a topological insu- 
lator. Furthermore the spin-flipped interband transitions occur 
only when the system is a topological insulator. 

We show the optical absorption for various electric field in 
FigO If we neglect the Rashba terms (Ar2 = 0) we are able to 
obtain an analytic formula for the transitions uj\ and ^2 near 
the point, 
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where s = +1 for uj\ and s = — 1 for c^2- When the electric 
field is critical, E z = £7 cr , where A s = 0, the optical absorp- 
tion of the fundamental transition uj\ becomes a constant, 
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which is common to the K and K' valleys. This property holds 
as it is even for A R 2 7^ 0, as seen in Fig (6) 

The fc-resolved optical polarization r\ (k) is given by 



r)^(k) 



\pj(k)\ 2 -\pUk)\ 
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(16) 



This quantity is the difference between the absorption of the 
left- and right-handed lights (±), normalized by the total ab- 
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FIG. 6: (Color online) The /c-resolved optical absorption \P+ (k)\ 
for Ez/Ecr = 1/4, 1/2, 3/4, 1, 5/4, 3/2, 7/4, 2. The solid (dotted) 
lines are for topological (band) insulators, while the dashed line is 
for the phase transition point (E z = E cr ). 
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FIG. 7: (Color online) The /c-resolved circular polarization 77 (k) for 
the interband transitions uji in topological and band insulators. 



sorption, around the point. We show the optical polariza- 
tion for the topological and band insulators in FigJT] We find 



that all optical polarizations are perfectly polarized at the K 
and K' points (k = 0). Namely, the selection rule holds ex- 
actly at the K and K' points, where 77 = ±1. Then, |^(fc)| 
decreases to as k increases. It is to be emphasized that 
the optical polarization of the fundamental interband transi- 
tion is opposite whether the system is a topological insulator 
or a band insulator. 

By neglecting the Rashba term (Ar2 = 0), we obtain an 
analytic formula of the optical polarization for the transitions 
oui and UJ2, 



2£A s ^4v$k 2 + A* 
4v$k 2 + 2A2 " 



(17) 



The optical polarization changes the sign at the topological 
phase transition E z = E CY , since A s changes the sign. This 
property holds as it is even for Ar2 7^ 0, as seen in Fig (71 

In this paper we have analyzed optical absorption in sil- 
icene. We have shown that silicene exhibits a strong circular 
dichroism obeying the spin- valley selection rule (Figj5j. The 
response is opposite whether silicene is a topological or band 
insulator. Indeed, in the topological (band) insulator phase, 
the optical field with the right-handed circular polarization ex- 
cites only up- spin (down- spin) electrons in the K valley, while 
the one with the left-handed circular polarization excites only 
down- spin (up- spin) electrons in the K' valley, as far as the 
fundamental transition oj\ concerns. Now, we are able to gen- 
erate a longitudinal charge current with a definite spin by ap- 
plying an in-plane electric field. By measuring the spin direc- 
tion we can tell if silicene is a topological or band insulator. 
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